In an earlier paper (CHILD '11) on senescence and rejuveneseence in Planaria dorotocephala the writer reached the conclusion that as the animals decrease in size during an extended period of starvation the general rate of metabolism deereases and that when animals redueed in size by starvation are again fed, the rate of metabolism undergoes a marked increase and the animals become physiologically as well as morphologically young.
I, Introduction.
In an earlier paper (CHILD '11) on senescence and rejuveneseence in Planaria dorotocephala the writer reached the conclusion that as the animals decrease in size during an extended period of starvation the general rate of metabolism deereases and that when animals redueed in size by starvation are again fed, the rate of metabolism undergoes a marked increase and the animals become physiologically as well as morphologically young.
The experimental basis for this conclusion was a eomparison of the ability of starved and fed animals to acclimate to low concentrations of alcohol and other anesthetics. It was found that in general individuals and even regions of the body with a higher rate of metabolism, so far as could be determined showed a greater capacity to become acclimated to these reagents than those with a lower rate. The eapacity of the starved, reduced animals to acclimate was determined to be very much less than that of fed animals, consequently the conclusion was drawn that the starved animals possessed a lower rate of metabolism than,the fed animals. This conelusion is incorrect and the purpose of the present paper is to correct this error and to add further data bearing upon the problem. As a matter of fact the rate of metabolism in starving individuals of Planaria dorotocephala and other species of l:'lana~qa which have been tested is higher than that in fed animals and increases as starvation advances. At least this is true for the oxidation processes and for C02 production, both of which increase in rate during starvation. My error in the earlier paper was due to a fact~ at that time unsuspected, but since then clearly demonstrated, viz. that while in fed animals the capacity for acclimation to anesthetics, KCN, low temperature and depressing factors in general so far as tested runs parallel to the general rate of metabolism, the starved animals constitute an exception to this rule in that while their rate of metabolism is high their capacity for acclimation to depressing conditions is very slight. From this fact it follows that a method which involves the factor of acclimation cannot properly be used to compare the rate of metabolism of starved and fed animals. The conclusions in my earlier paper concerning the effect of starvation were based on the results of such an acclimation method and are therefore incorrect, although the other conclusions reached in that paper concerning senescence and rejuveneseenee in general in these animals have been amply confirmed by later investigation both with this species and many other forms.
II. The Relation between Susceptibility to Cyanides and other Depressing Agents and Rate of Metabolism,
In a recent paper (CHILD '13b) the physiological resistance or susceptibility method of comparing general rates of metabolism in different individuals or in different regions of the same individual was considered at some length and some lines of evidence for the validity and wide range of applicability of the method were presented. The most important points of this paper are briefly referred to here and some new evidence is added.
In my earlier work with the anesthetics and cyanides only low concentrations which did not kill directly were used as my original purpose was the investigation of their effect upon morphogenesis, but the differences in susceptibility of different individuals and different parts soon became evident and further investigation indicated that these differences were in general related to rate of metabolism or of certain fundamental metabolic reactions.
Later, when the possibility of using the differences in susceptibility as a method of investigation became apparent the effects of different concentrations were compared and it was soon found that the results in the higher concentrations which kill without acclimation were in general the opposite of those in the lower concentrations which permit acclimation. Moreover, it was found that the higher concentrations were more satisfactory for general use because of the shorter time required and greater fi'eedom from complicating factors in the course of the experiment. In this way then the method of using the susceptibility or physiological resistance of organisms to the cyanides and various anesthetics as a means of determining relative rates of metabolic activity was gradually developed. This method may be called for convenience the susceptibility or physiological resistance method.
Since the work of many physiologists and biochemists has indicated very clearly that in general the anesthetics and cyanides influence metabolic processes directly or indirectly we might expect to find some relation between susceptibility and rate of the metabolic processes. But to what extent other factors than rate of metabolism complicate the result can be determined only by extensive experimentation. During several years I have spent much time in using and testing the methods, chiefly with the cyanides, and can assert positively that they are undoubtedly of .very wide applicability and that complicating factors so far as they exist can, at least in most cases, be eliminated by modification of the technique or of the experimental conditions. In the following paragraphs the chief modifications of the methods and the most important lines of evidence for the validity are briefly stated.
As noted above and in a recent paper (CHILD '13b) the relation between susceptibility to depressing agents and rate of metabolism differs according to the concentration of the agent used. Upon this fact depend the two modifications of the resistance or susceptibility method which I have termed the direct and the indirect methods.
The direct method consists in the use of relatively high coneentrations which kill the animals within at most a few hours and without acclimation. In such concentrations within certain limits which must be determined experimentally for the species~ the individuals or regions possessing the higher rate of metabolism are more susceptible and die earlier than those possessing the lower rate.
The indirect or acclimation method consists in the use of concentrations low enough to permit partial acclimation. In such concentrations the individuals or regions possessing the higher rate of metabolism acclimate more readily and more completely and in general liver longer than those possessing the lower rate.
While the indirect or acclimation method is of great value in many cases as a cheek and control, for the direct method its results are much more likely to be complicated by other factors than those of the direct method. In the first place the indirect method requires several days or even weeks as compared with a few hours for the direct method, consequently th e physiological condition of the animals may be altered by various factors before death occurs. Moreover, only experiment can determine how far the capacity for acclimation and the rate of metabolism run parallel under different conditions. That they do run parallel under ordinary conditions is an undoubted fact, but my earlier incorrect conclusions concerning the rate of metabolism in starved Planarians were based upon the assumption that they run parallel in starved animals, an assumption which further experiment has shown to be incorrect.
In all cases where the two methods lead to the same conclusion as regards rate of metabolism of different individuals or regions it is evident that structural or incidental differences cannot be responsible, for with the direct method the individual, or region having the highest rate dies first, while with the indirect method death occurs earliest in the individual or region with the lowest rate. In at least many cases where the results of the indirect method are complicated by other factors than rate of metabolism or oxidation, the direct method can be checked in other ways as will appear below.
The determination of the time of death in Planaria presents no difficulties for under the usual conditions the animals disintegrate in the cyanides within a few moments after movement ceases, or more strictly speaking a given region of the body disintegrates within a few moments after mo~'ement of that region ceases. In various other forms where the disintegrative death changes are less rapid or less conspicuous the recovery of the animals or different regions of the body when returned to water may be used instead of disintegration to determine the time of death. In this procedure a considerable number of the organisms to be tested are placed in the desired concentration of reagent and at regular intervals lots are removed, washed and returned to water. The proportions and degrees of recovery in the different lots enable us to determine approximately when death occurs in the mut~rial.
The evidence in support of the conclusion that rate of metabolism or of oxidation processes is the essential factor in determining the survival time of animals or regions in the cyanides and anesthetics is varied in character. The most important points are as follows:
The rate of C02-production of animals and pieces under various conditions has been tested by Dr. TASHmO in the apparatus recently invented and described by him (TAsmr~o '13) and in every case tested the individual or piece which shows a higher susceptibility to the cyanide by the direct method shows in TAStIIRO'S apparatus a greater C02-production. I am deeply indebted to Dr. TASmRO for his kindness in making these tests and for permission to use the results here.
For example young animals are more susceptible than old to HCN, alcohol, ether, etc. in the concentrations of the direct method and less susceptible in the lower concentrations of the indirect method, i. e. both of these methods indicate a higher rate of metabolism in the young than in the old, and in TASHmO'S apparatus the C02-production is greater in young than in old.
Animals stimulated to movement are more susceptible and die earlier by the direct method than unstimulated animals, and they likewise show a greater C02-production.
The direct susceptibility method shows the increase in rate of metabolism following injury and the gradual decrease in rate as the stimulation decreases. According to this method a short piece of P/anar/a is more stimulated by being cut from the body than a long piece and within the limits of a single zooid a posterior piece is more stimulated than an anterior piece of the same size. These results are confirmed by the C02-production of these pieces.
Increased alkalinity of the medium increases the direct susceptibility and decreases the indirect susceptibility. Increased acidity of the medium decreases direct susceptibility and increases the indirect. In other words increased alkalinity increases and increased acidity decreases the rate of metabolism. These results are parallel to those obtained by other investigators working with different material and by other methods.
Animals in distilled water are more susceptible and animals in 50/0 sea water are less susceptible by the direct method than those in tap water. These differences are paralleled in every case by differences in C02-production. The effects of single salts have not yet been determined.
Moreover, in the only case in which different species have been compared the results of the susceptibility method have been paralleled by the results obtained by the C02-apparatus. _Phagoeata gracilis is much more susceptible to cyanides and anesthetics by the direct method than _Planaria maculata and also shows a greater C02-production.
This close parallelism between the susceptibility to cyanides etc. in the concentrations which kill without acclimation and the COs-production demonstrates very clearly that a very close relation between the susceptibility and at least certain fundamental metabolic reactions exists.
By the direct method animals or pieces are more susceptible at higher and less susceptible at lower temperatures, by the indirect method they are less susceptible at higher and more susceptible at lower temperatures. Moreover~ the temperature coefficient of susceptibility for ten degrees centigrade is 3 (CrIILD '13b) i. e., it is of the same order of magnitude as the usual coefficient of chemical reaction.
There can then be no doubt that within the limits of a single species the susceptibility methods and especially the direct method are very widely applicable for the comparison of rates of metabolism under different conditions. In another paper I have also shown that they can with certain precautions be used to compare the rates of metabolism in different regions of the individual. More recently I have used the direct method for the determination of the relative rates of metabolism in different stages of embryonic development and of different regions of cleavage stages, embryos and larvae, and in all cases the results show a high degree of uniformity and are in complete agreement with what we already know concerning the relative metabolic activity of different stages of development and different regions of the embryo. These and other data will be presented in full at another time.
III. The Susceptibility of Young and Old Animals Measured
by the Direct Method.
In a recent paper (CHILD '13b) it was shown that both the asexually produced young of Planar'& dorotocephala and the sexually produced young of Planaria maculata show a very much greater susceptibility by the direct method to KC~ and other narcotic agents than the old animals and other evidence was presented to show that the rate of metabolism in the young worms is higher than that in the old. Table 9 on p. 191 of that paper shows that the young of P. maculata newly hatched from the egg are completely disintegrated after two hours in KCN 0.001 m. while animals hatched several weeks earlier and fed until they had attained a length of 7--9 mm. required four and one half hours for disintegration. In Table 1 on p. 165 of the same paper asexually produced young of P. dorolocephala 5--6 mm. in length disintegrate in four and one quarter'hours, while worms 18--20 mm. in length require five and three quarter hours for disintegration.
The difference in the susceptibility of young and old sexually produced individuals is still more clearly shown in Table 1 Stage II. From the first appearance of disintegration, in adults in the head region, in very young worms along the margins as well as the head, to the complete disintegration of the head.
Stage III. Disintegration of the body to the beginning of swelling and loss of form.
Stage IV. From the beginning of swelling and loss of form in body to its completion.
Stage V. Complete disintegration. All that remains is a whitish mass which gradually separates into cells and particles of tissue.
The numbers in each of the columns I--V are the numbers of animals in each stage of disintegration at each time. Table 1 is made up from two series of different tables four weeks apart; temperature and other conditions were controlled so that the two lots are strictly comparable. The young worms of Lot 1 begin to disintegrate after forty-five minutes and are completely disintegrated after two and three quarter hours, while the old worms of Lot 2 do not begin to disintegrate until two and one quarter hours and complete their disintegration only after five and three fourths hours.
As regards Planaria dorotocephala, I have never seen sexually mature forms in nature and only rarely and under certain conditions in the laboratory and it has not as yet been possible to obtain sexually produced young. The asexually produced young, however, show the same difference as compared with the old animals as do the sexually produced young of P. mac~data. The following series illustrates this point.
Series 557 IT: 1, 2, 3, 5. Table 2 . October 31, 1912. All worms were collected on October 29. Lot 1 of Table 2 consists of ten young worms 5 ram. in length, Lot 2 of ten older worms 7 ram. in length, Lot 3 of ten still older worms 10--12 mm., and Lot 4 (originally Lot 5) of ten of the largest worms in the stock 18--20 ram. The course of disintegration and survival times are given in Table 2 . To save space only the hourly records are given in the table. It is evident from the table that, with the exception of one worm in Lot 3 which begins disintegration earlier than Lot 2, the younger worms in all cases begin and complete disintegration earlier than the older. In Lot 1 disintegration is complete in four and one quarter hours, in Lot 2 in six and one quarter hours 7 in Lot 3 in seven and one quarter hours and in Lot 4 in eight and one quarter hours.
The same results have been obtained in many other series including hundreds of worms. Of course various conditions such as kind and amount of food, temperature to which the worms are acclimated before the test of susceptibility, alkalinity of the water etc., influence the susceptibility, but when these conditions are controlled the results are uniform. The anesthetics, so far as tested, give the same results as KCN.
If the susceptibility to depressing agents as measured by the direct method is in any way a measure of the rate of metabolism or of oxidation processes we can only conclude that the rate of these processes is higher in younger than in older animals. Moreover, there arc other facts which indicate that such a difference exists. The younger worms are in general more irritable, more active, more sensitive to lack of oxygen and grow more rapidly than the older. Similar differences in susceptibility have been found in the young and old of many'other forms including coelenterates, flatworms, annelids, arthropods and vertebrates and it is a well known fact that in tile higher animals and man the rate of metabolism decreases with, advancing age. With these facts in mind we may turn to the comparison of starved and fed animals.
IV. The Susceptibility of Starved Animals Measured by the Direct Method.
Since the apparent contradiction between the results With the direct method and those with the indirect method was for a long time a puzzle to me the tests of starving animals at various stages of starvation were repeated again and again under various experimental conditions. In all several hundred individuals have been tested and always with the same result, viz. increase in susceptibility from the beginning of starvation on until the animals are reduced to a minute fraction of their original size and death occurs. If the method is valid this increase in susceptibility must mean that the rate of the metabolic processes increases as starvation and reduction proceed, a conclusion exactly the opposite of that reached from my earlier work with the indirect method alone (CmLo '11).
The records of a few series will serve to show the character of the results obtained.
Series 588, Table 3 . Stock collected March 10, 1913; not fed in laboratory. From this stock several hundred worms 15--18 mm. in length, i. e., the largest ,oldest~ worms which the stock contains at this time of year~ were selected. These animals were placed in a large glass tank holding some twelve litres of filtered water. The tank was kept in diffuse daylight and the water was ~erated at intervals of a few days, but there was no lack of oxygen as was shown by the fact that the animals remained mostly at or near the bottom of the tank and did not gather at the surface as they do when the oxygen supply is insufficient. During more than three Archly f. Entwicklungsmechanik. XXXYIII. 28 months the animals received no food and decreased in size from 15--18 mm. to 3--4 ram. During this period the water temperature in the tank ranged from 20 ~ to 23% At intervals during this period of starvation and reduction lots of ten animals were removed and their survival time in KCN 0,001 m. determined, all tests being made at the same temperature. The results are given in Table 3 . 15--18 15--17 10--12 9--9 7-8 5 3.5--4 9 7 6i/2 5 4 3l/._) 2~/~ After ninety-one days of starvation the worms began to die and within a few days all were dead.
The survival time is the length of time from introduction into the KCN until all of the ten animals are completely disintegrated. In each test the lot was examined every thirty minutes and the stage of disintegration of each animal recorded, as in Tables 1 and 2 , but since the individual variations in survival time were not great it is unnecessary to present the records in full.
Series 589, Table 4 . Stock collected March 10, 1913. Not fed in laboratory. From this stock several hundred worms 6--7 mm. in length were selected for starvation. These were placed in a large glass tank in diffuse daylight and the water was mrated at intervals of a few days as in Series 588. The only difference between the two series 588 and 589 is in the size of the worms at the beginning of the starvation period. At intervals during the starvation period lots of ten animals were removed and their survival time in KCN 0.001 m. was determined. Table 4 gives the results.
After sixty days of starvation deaths began to occur and within the next twenty days all except a few individuals were dead and these died within the next few days.
Parallel with these two series and at the same time still another The three series showed in general a very great increase in susceptibility to the KC1N during the course of starvation, with slight irregularities in a few cases resulting from individual differences.
Moreover, Tables 3 and 4 show that the rate of reduction in length increases, at least in the later stages. In Table 3 the average reduction in length during the first thirty days of starvation is approximately 330/0 , during the second thirty days about the same, and during the third period of thirty days about 50o/0. In Table 4 the reduction in length during the first thirty days is about 30O/o and during the second thirty days about 500/'0 . In these elongated flattened animals the decrease in length is approximately proportional to the decrease in volume consequently the increase in rate of reduction during starvation indicates that the animals are using up their substance more and more rapidly as time goes on, in other words the rate of oxidation is increasing. It should also be noted that the percentage of reduction in length is greater in the sixty day period of Table 4 than in the first sixty days of Table 3 . During the first sixty days the reduction in length in Table 3 is 540/0 and during the sixty days of Table 4 it is 650/0. This difference is correlated with the fact that the worms of Table 4 were younger and possessed a higher rate of metabolism than those of Table 3 at the beginning of the experiment. The figures are of course only approximate since measurements of lengths were not accurate.
In these three series the water was not changed from beginning to end of the experiment. During 1912 and 1913 similar starvation series were carried through at ten different times but with a weekly change of water. The result in all of these was the same as in 28* Series 587--589 except that where the water was changed weekly the starving animals lived considerably longer than when it was not changed. Unfiltered tap water was used in the experiments where the water was changed once a week and considerable sediment containing various protozoa and rotifers accumulated in the tanks and the animals obtained a small amount of food, but not enough to prevent continuous reduction in size and final death from starvation.
In a large number of tests by the direct method the susceptibility of starved reduced worms was compared directly with that of well fed worms of the original size of the starved animals at the beginning of the starvation experiment and with that of well fed worms of the same size as the starved worms at the time the test was made. The well fed worms of the original size are of course larger and physiologically older and are less susceptible to KCI~ than those of the size of the reduced starved animals. If the susceptibility of the starved worms increases during starvation it should be greater but if it decreases it should be less than that of the well fed worms of the original size. On the other hand, comparison with well fed worms of the reduced size will show whether the susceptibility of the starved animals is as great as that of well fed animals of the same size, i. e., it should answer the question as to whether the susceptibility of the starved reduced animal approaches that of a young growing animal of the same size. The following series will serve as an example:
Series 557 III; 1~ 4, 6. Table 5 . Worms collected Sept. 7, 1912. Not fed in laboratory. From the stock several hundred worms 15 to 18 ram. were selected for starvation. These were kept in darkness with weekly changes of water.
Lot 1 consists of ten animals 15--18 mm. in length collected the day before the test and representing as nearly as possible the size and physiological condition of the worms at the beginning of the starvation experiment.
Lot 2 (originally Lot 4) consists of ten animals 7--8 mm. collected the day before the test. These are well fed, growing animals of the same size as the starved reduced animals at this time.
Lot 3 (originally Lot 6) consists of ten animals 7--8 ram. from the starvation stock after eighty-one days of starvation. During this time these animals have decreased from 15--18 mm. in length to 7--8 ram. As a matter of fact these animals are not completely starved but have obtained some food from the sediment which accumulates from the unfiltered tap water in the bottom of the tanks and contains protozoa, rotifers and various algae. The rate of reduction in these animals is considerably slower than that in cases of complete starvation. Examination of Table 5 shows that Lot 2, the young growing worms of the same size as the starved reduced worms, is the most susceptible. They begin to disintegrate earliest and all are completely disintegrated after four hours.
Lot 3, the starved worms, is slightly less susceptible. Disintegration begins in it half an hour later than in Lot 2 and is complete after five hours 9 Lot 1, the larger older worms representing the original size and condition of the starved worms is much less susceptible than the others. Disintegration begins later, and proceeds more slowly and is completed only after seven and one half hours 9
In short the susceptibility to KCN of the. starved, reduced animals is much greater than it was originally and is almost as great as that of well fed young growing animals of the same size.
Series 571 B: IIa, IV, V. Table 6 . In this series the susceptibility of animals completely starved during ninety days is compared with that of well fed growing animals of the same size and also with that of animals which were of the same size and condition as the Series 571B, IIa, IV, V. Lot 2. Ten animals newly collected, well fed, length 7 ram., i. e., they are the same size as the starved reduced worms of Lot 1.
Lot 3. Ten large old worms. These animals represent what the size and condition of the Starved worms of Lot 1 would now be if they had been fed during the three months instead of starved. They are from the same stock as the starved animals and at the beginning of the starvation period their size and condition was the same as that of the animals used for the starvation stock, hut they have been fed during the three months instead of being starved, consequently they have increased in somewhat size and have presumably become somewhat older physiologically.
The differences in susceptibility in Table 6 are very clear. The starved, reduced worms of Lot 1 show approximately the same susceptibility as the well fed growing worms of the same size. Lot 1 begins to disintegrate after two hours, Lot 2 after two and one half hours. Lot 1 is completely disintegrated at four and one half hours, Lot 2 at five hours. Apparently the starved worms are slightly more susceptible than the well fed growing animals of the same size. The susceptibility of the large old worms of Lot 3 on the other hand is very much less: they do not begin to disintegrate until five hours and their disintegration is not completed until eleven hours. It is sufficiently evident that starvation and reduction have brought the worms into a condition resembling that of young growing animals of the same size, at least as regards susceptibility to KCN 0.001 m., although their susceptibility before starvation and reduction was very much lower.
My records contain scores of similar series with similar results. Where the experimental conditions and the physiological condition of the animals are properly controlled the results are uniform. The fed animals differ somewhat in susceptibility according to the kind and amount of food and animals which have become fully acclimated to low temperature, e. g. 10 ~ C., are more susceptible when the temperature is suddenly raised five or ten degrees than animals of the same size which have been kept at the higher temperature. But these and other differences in susceptibility resulting from changes in external conditions are always much less than the changes resulting from starvation, and reduction so that there can be no possible doubt that the starvation-change is real and not merely apparent or the result of accidental differences in condition.
Moreover, the increase in susceptibility appears very early in the course of starvation, long before any appreciable reduction has occurred. Animals which have been without food for only a few days are distinctly more susceptible to depressing agents than animals which have been fed up to the beginning of the experiment. In Tables 3 and 4 the increase in susceptibility is clearly marked after fourteen days of starvation; but in carefully controlled experiments with sufficiently large numbers of animals an increase in susceptibility is evident after five or six days of starvation.
The results with alcohol~ ether and various other anesthetics by the direct method are similar to those obtained with the cyanides.
The only conclusion which can be drawn from these experiments is that so far as susceptibility to depressing agents is concerned the starving worms become physiologically younger as starvation proceeds. If susceptibility to the concentrations of depressing agents employed in the direct method is in any way a measure of the rate of metabolic processes or of the oxidation processes then the results obtained demonstrate that these processes increase in rate in these animals during starvation and that their rate in reduced animals approaches more or less closely the rate in well fed growing animals of the same size.
V. The C02-Production of Starved Animals.
At my request Dr. TAsHz[~o has very kindly made a number of comparative tests of C02-production instarved and fed animals of the same size.
The starved worms for one of these tests were taken from one of my starvation stocks (Series 571). When collected on l~ovember 26, 1912 the worms were 20--24 ram. in length and well nourished. They were starved for ninety-four days in large aquaria without change of water. At the cud of this time they had undergone reduction to a length of 7 mm. In KCbT 0.001 m. their susceptibility was equal to or slightly greater than that of well fed growing worms of the same size. Four comparative tests were made in TASmRO'S biometer. In the first two the COs-production of an uninjured starved animal was compared with that of an uninjured fed animal of the same size, different animals being used in the two experiments. In both cases the starved animal showed a slightly greater C02-production than the fed animal.
Sines the worms were able to move about in the apparatus and since the starved animals are more active than those which are well fed, it was thought desirable to eliminate as far as possible the influence of movement in increasing COs-production. To accomplish this the heads of the two animals to be compared were cut off ten or fifteen minutes before the test was made. After the headless animals had become quiet they were placed in the chambers of the apparatus and remained quiet during the experiment. Two comparisons of starved and fed worms without heads were made. In the first the starved animal showed a slightly higher COs-production than the fed animal. In the second the fed animal was slightly larger than the starved one and its COs-production was slightly greater, but the difference between the two was not great.
All of these determinations give essentially the same result; the C02-produetion of the starved, reduced animals is approximately the same as that of well fed growing" animals of the same size. Moreover, these results are in complete agreement with the results obtained by the susceptibility method. There ean be no doubt that the rate of metabolism or more specifically of oxidation in these animals increases during the eourse of starvation.
VI, The Capacity of Starved Animals for Acclimation,
It now remains to show the reason for the discrepancy between the results of the direet susceptibility method and the measurements of C02-production on the one hand and the results of the indireet or acclimation method on the other. In my earlier paper (CHILD '11) where the acclimation method alone was used the susceptibility of the starved animals was mush greater than that of the well fed. Figure 1 , a reproduction of Figure 3 of that paper, shows the survival curves of starved and fed animals in 1.5O/'o alcohol. Each of the small spaces along the axis of ordinates in the figure represents 2% of the total number of worms in the lot tested. Along the axis of abscissas each small space represents one day. The percentages of worms remaining intact were recorded every forty-eight hours and the eurves are drawn from these percentages. The curve ab is the survival curve of thirty worms starved during eighty-three days and reduced from 15--18 mm. to 6--7 ram. in length. The curve ac is the survival curve of forty worms from the same stock as the others, but starved for thirty-four days and then fed every five or six days with raw beef. The feeding in this case was not sufficient to permit increase in size but served to maintain the animals at their original size and approximately in their original condition. The difference in capacity for acclimation to the alcohol is striking. The starved animals show practically no acclimation but 42% of the fed animals become completely acclimated as indicated by the horizontal portion of the curve ac. The experiment was concluded after 44 days because it was evident that acclimation was complete. The acclimated worms would of course finally die of starvation since they were not fed in the alcohol but their greater capacity for acclimation is evident without continuing the experiment until all are dead. Figures 4 and 5 of the same paper (CHILD '11) show similar differences in capacity for acclimation between starved or insufficiently fed and well fed animals. Since my experiments with the acclimation method showed that in general animals with the higher rate of metabolism were less susceptible to the low concentrations of anesthetics used (CHILD '11, , I concluded that the starved animals in later stages possessed a lower rate of metabolism than the well fed animals.
In the same paper (p. 578) the fact was noted that during the first two or three weeks of starvation before any marked reduction occurs the rate of metabolism increases but decreases after reduction begins. Since I was at that time measuring rate of metabolism by capacity for acclimation my conclusion concerning the decrease in rate of metabolism was incorrect but it is true that the decrease in the capacity for acclimation does not appear in the early stages of starvation but only after appreciable reduction in size occurs. This is probably due to the fact that during the first two or three weeks of starvation the animal is using for the most part reserves of nutritive material rather than its own substance.
Later work with the cyanides in low concentrations has given the same results as the earlier work with alcohol. The following series shows the great difference in capacity for acclimation to KCI~ of starved and fed worms.
Series 593. June 9--27, 1913. Lot 1. Ten worms starved ninety-one days, reduced from 15--18 ram. to 3.5--4 mm. Lot 2. Ten well fed worms 7-8 ram. in length.
The worms of Lot 1 were large and old with a low rate of metabolism at the beginning of starvation and if the results of the direct method and the C02-produetion experiments are to be trusted their rate must have increased during starvation. The worms of Lot 2 are larger than the reduced size of Lot 1 and possess a somewhat lower rate. Therefor% if rate of reaction is the chief or only factor in acclimation to depressing agents we should expect the starved worms of Lot 1 to show a greater capacity to acclimation than the well fed animals. This, however is not the case:
On June 9, 1913, the two lots were placed in KC1N 0.00003 m. in corked 1 litre ERLENMEYER flasks and the solution was renewed every two or three days, previous tests having shown that animals will live in such flasks without change of water for a week or more without being affected by lack of oxygen or by the accumulation of C02. Each time the solution was renewed the condition of the animals was recorded and from these records the two curves in Figure 2 are plotted, the ordinates representing percentages and the abscissas length of time in days as in Figure 1 . The curve a b is the survival curve of the ten worms of Lot 1. Only ten per cent of these~ i. e. a single worm, became fully acclimated to the KCN as the horizontal portion of the curve a b shows. The curve ac is the survival curve of the fed worms of Lot 2. None of these died during the eighteen days of the experiment, i. e., all became fully acclimated. The experiment was concluded after eighteen days since earlier experience had shown that acclimation occurred in less time than this if it occurred at all. Other similar series give the same result. Fig. 2 . Fig. 3 .
The starved worms not only show less capacity than fed worms to acclimate to cyanides and anesthetics but they are also less capable of acclimating to other depressing conditions such as low temperature. In fact they are extremely sensitive to various changes in condition. The following series shows the difference between starved and fed worms at low temperature.
Series 593. April 30--May 11, 1913. Lot 1. Ten worms starved fifty-one days: reduced from 6--7 ram. in length to 2.5--3 mm. Lot 2. Ten well fed worms 4--5 ram. in length. On April 30, 1913 Starvation, Re.iuvenescence and Acclimation in Planaria dorotocephala. 439 these animals which had been kept at a temperature of 200--22 ~ C. were placed in a temperature of 3~ ~ C. and kept there until all were dead. In Figure 3 the curve a b is the survival curve of Lot 1 the starved worms, and ac is the survival curve of the fed worms. The curve ab of the starved worms shows no indication of acclimation, all the worms dying within three days. The curye a c of the fed worms shows distinct traces of acclimation of some of the worms in the two horizontal portions, but the temperature was too low for complete acclimation of any and all the fed worms died within twelve days.
In other series at a temperature of 80--9 ~ C. all fed worms and sixty to eighty per cent of the starved worms became acclimated.
These results leave no doubt as to the decreased capacity for acclimation to depressing conditions of starved as compared with fed worms. But in fed animals the capacity for acclimation unquestionably varies in general with the rate of metabolism or of oxidation as the experiments with young and old animals and with different temperatures indicate (CHILD '11). Moreover~ the direct susceptibility method and the tests of C02-production show that beyond a doubt the starved worms possess a high rate of metabolism or of oxidation and there are other facts which point to the same conclusion. Large old worms which undergo reduction by starvation become more and more irritable and active as starvation proceeds and when fed again they show the rate of growth characteristic of young rather than of old animals such as they originally were.
The only possible conclusion from all the facts is that nutritive condition as well as rate of metabolism is a factor in determining the capacity for acclimation and that the decrease in the capacity for acclimation in starved animals is not due to a decrease in rate of metabolism during starvation but in some way to other changes connected with starvation. So far then as rate of metabolism or oxidation is concerned the starved worms arc not physiologically old as [ formerly believed them to be (CHILD '11), but physiologically young.
But they differ from young animals and resemble old animals in their slight capacity for acclimation to depressing conditions. That this difference is dependent in some way upon the absence of food is shown by the fact that when the starved reduced animal is fed its capacity for acclimation increases and it becomes in all respects a young animal capable of repeating the course of growth and development from the stage which it represents at the time renewed feeding begins. The animals can be carried backward and forward in the life-cycle practically at will by alternating periods of starvation and reduction with periods of feeding and growth.
My earlier conclusion (CHILD '11, p. 581) was that the starved reduced animals were morphologically but not physiologically rejuvenated and that food was necessary for the physiological rejuveneseenee. In the light of the new facts this conclusion requires modification. The starved animals have undoubtedlyundergone morphological rejuvenescence to a greater or less extent and as regards the rate of metabolism they are also physiologically young, but they still differ from young animals in their slight capacity for acclimation to de--pressing conditions. When they are fed this difference disappears. I believe that this difference is incidental rather than fundamental: potentially the starved reduced animal is physiologically as well as morphologically young and all that is necessary for the realization of its potentialities is nutrition from an external source. In short, starvation in Planaria is essentially a process of rejuvenescence, both morphological and physiological.
VII. Discussion.
The data presented in the preceding sections show very clearly that the large, physiologically old animals with a low rate of metabolism undergo what is essentially a process of rejuveneseenee during starvation and reduction and require only to be fed in order to become in all respects like the young growing animals under natural conditions. I have shown elsewhere (CHILD '11) that the reorganization which takes place in the regulation of pieces and in asexual reproduction accomplishes the same result.
The fact of rejuvenescence by starvation and reduction is of great importance since it gives us a clue to the nature of senescence in these animals. If the organism can be rejuvenated by forcing it to use up its own substance as nutrition and if when thus rejuvenated, it again begins to grow old when feeding is resumed and growth begins anew it becomes evident that senescence is in some way closely associated with the accumulation of material which is the characteristic feature of growth and development (CHILD '11, pp. 571 to 578). The chemical reactions which constitute metabolism take place in a structural substratum and the changes in amount, density, water content and chemical character of this substratum which occur during development unquestionably influence the chemical reactions. There are various well known facts which indicate that the surfaee membranes of cells become less permeable as development proceeds and that consequently the volume of metabolic exchange is decreased, and as granules, vacuoles or masses of substance differing in constitution from the general colloid substratum of the cell arise in the protoplasm new surface membranes form about them and these also undoubtedly share in the general decrease in permeability. The accumulation of products of enzyme aetivity may retard enzyme action, and so contribute to the decrease in rate of metabolism, although it is probable that this factor is less directly concerned in senescence than in the descending phases of other briefer metabolic rhythms.
Moreover, differentiation consists in general of the accumulation within the cells of substances which are less active chemically than the general metabolic substratum of the embryonic cell or in which only some special, more or less narrowly limited kind of chemical activity occurs. The result of such accumulation is that the volume of general metabolic activity of the organism per unit of weight or volume decreases. Each unit of weight or volume consists to an increasing extent as development and differentiation proceed, of the relatively inactive substances which constitute the basis of visible morphological structure and therefore its general metabolic activity in relation to its weight or volume decreases. All of these factors and perhaps others, as yet unknown, may be concerned in senescence, some to a greater extent in some eases, others in other eases. But whatever the particular factors in particular eases, there ean I think be little doubt that the essential feature of senescence at least in the lower organisms is a decrease in rate of metabolism and that this decrease is in some way a necessary result of development itself and not an incidental or accidental phenomenon. The consequences of starvation and reduction in .Planaria constitute highly conclusive evidenee in support of this view, for here we see rejuvenesccnee resulting from the removal of the structural accumulations and the degree of rejuveneseence corresponds to the degree of elimination of structural material. But as I have already shown (CmLD '11, 13d) starvation is not the only means by which rejuveneseence can be brought about. The regulation of isolated pieces, asexual reproduction, reorganization resulting from altered conditions, in fact any change which leads to the elimination or reduction of previously accumulated structural material accomplishes some degree of rejuveneseenee. The early development of the egg during the period when it is using up its own substance as nutrition is a period of increasing rate of metabolism and is unquestionably a period of rejuvenescence (CHILD '11, '12) . At the end of this period the cells have lost the differentiated structure characteristic of the egg and have become embryonic in appearance and show a maximum rate of metabolism. As new structural material accumulates and particularly after the organism begins to take food from external sources the rate of metabolism once more begins to decrease, i. e. the process of senescence begins.
Rejuvenescenee may then occur in various ways. Reduction by starvation is one of these ways, but it is one which affords us an insight into the nature of the process and enables us to interpret other processes of rejuvenescence.
It may seem somewhat paradoxical at first glance that the rate of metabolism or of oxidation should increase during starvation but as a matter of fact it is what we must expect in an organism which is capable of using its own substance as food to such an extent as does t)lanaria. It is evident that the material of the planarian body is much less stable chemically under physiological conditions than the body substance of the higher animals. The mammals and man, for example, die of starvation with a considerable portion of their colloids still intact, but Planaria can use all but a minute fraction before it dies and there is reason to believe that death finally results, not from the lack of material for metabolism nor from the using up of necessary organs but rather from correlative conditions which make continued existence of the individual as such impossible.
The evidence in favor of this view cannot be considered at length here but some of the important points are as follows: individuals reduced by starvation from a large size always die at a larger size than individuals reduced from a small size. Animals 24--25 ram. in length before starvation die at a length of 6--8 mm., while animals 6--7 mm. before starvation undergo reduction to a length of 1--2 mm." before death occurs. The larger older animal does not succeed in using so large a proportion of its substance as the smaller. Moreover, in the extreme stages of starvation the body usually shows a higher rate of metabolism than the head by the susceptibility method, i. e., the body has lost more material and undergone a greater degree of rejuvenescence than the head region. This fact is in general agreement with SCHULTZ'S observations (ScnuLTZ '04) on the structural changes during reduction in these animals. When death from starvation occurs the head usually dies first, often long before the rest of the body. These together with various other facts seem to me to indicate that death in the starving animals occurs, not because all available material is used, nor because organs necessary for continued existence are attacked but rather because the original axial gradient (CHILD '13C) is eliminated or reversed. In consequence of this change the head finally loses its dominance and in consequence of its slight regulatory capacity can no longer maintain itself under the altered correlative conditions. The change in the gradient results further in altered correlative conditions in the body which tend toward the elimination of the original structure and the reconstitution of a new individual. But the changes are so great and the structure is so sensitive to altered conditions in the extreme stages of starvation that disintegration of the individual into cells occurs. In short death from starvation in Planaria is due rather to the disappearance of thepreviously existing basis of individuation than to lack of available material or loss of necessary organs. But it does not by any means follow that death from starvation is in general of this character. In all probability death of this kind occurs only in cases of extreme reduction.
The acceleration in the rate of metabolism in starving planarians must be due largely to the fact that the structural obstacles to chemical reaction are disappearing and the proportion of the chemically active substratum to the inactive material is increasing. The organism simply burns itself up with increasing rapidity because the regulatory and inhibitory mechanisms and the less combustible parts are themselves gradually disappearing in the conflagration.
But death from starvation in some organisms may conceivably occur because the available sources of energy are exhausted, i. e., the remaining body aubstance does not break down with sufficient rapidity or in such a way as to become available. In such cases a decrease in the rate of oxidation may occur as starvation proceeds. There is some evidence to indicate that this is the case in the higher animals and man. In my earlier paper when I believed that the rate of metabolism decreased during starvation in Planaria I concluded that death from starvation resulted in this animal from lack of available material but since the rate of metabolism actually increases as starvation proceeds, this can scarcely be the case.
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The nature of the relation which has been shown in this paper to exist in Planaria between nutrition and capacity for acclimation to depressing conditions is not clear. The fact that the capacity for acclimation does not decrease during the earlier stages of starvation but only after marked reduction occurs, suggests that it is in some way connected with the structural substratum but further suggestions must at present be little more than guesses. The general relation between capacity for acclimation and rate of metabolism on the other hand, is what might be expected. The greater the dynamic activity the more rapidly and completely changes occur under changed conditions.
If the general conception of senescence and rejuvenescence developed in this and earlier papers is correct it is evident that these processes do not differ fundamentally from various other periodic phenomena such as fatigue and recovery and the alternation of resting and active periods of various duration and character. The changes in the organism which influence the rate of metabolism differ in the degree of their permanence. At one extreme are the evanescent and rapidly reversible changes involved in stimulation and its cessation: at the other are the changes which occur in senescence and rejuveneseence: in these latter the fundamental features of the structural substratum are concerned and the period is usually coincident, with the life cycle.
Summary.
1) The differences in susceptibility of young and old individuals of Planaria dorotocephala to KCbT and other depressing agents both by the direct and the acclimation method indicate that .young animals have a higher rate of metabolism than old.
2) During starvation and reduction the susceptibility to KeN, alcohol, etc. as measured by the direct method increases and the C02-production also increases. Both of these facts indicate that the rate of metabolism or of oxidation increases during starvation.
3) Although in well nourished animals the capacity for acclimation to low concentrations of KeN, alcohol, etc. and also to low temperature varies in general with rate of metabolism, the slight capacity of starved reduced animals to become acclimated to depressing conditions is not due to a low rate of metabolism or of oxidation but to the fact that the presence of nutrition is a factor in determining the capacity for acclimation. 4) Reduction by starvation is essentially a process of rejuvenescenee. The reduced animal has the rate of metabolism as well as the morphological structure of a young animal. The degree of rejuveneseence depends upon the degree of reduction. When the reduced animal again receives food growth begins again and the developmental history is repeated from the stage at which feeding began.
5) Physiological senescence in Planaria consists essentially in a decrease in rate of metabolism or of certain fundamental metabolic processes resulting from the changes in the metabolic substratum which occur in development and growth. Decrease in permeability of membranes, increase in density and increasing proportion of relatively inactive structural substance and perhaps other factors, all of which constitute structural senescence, may be concerned in bringing about physiological senescence. It is a necessary feature of development and differentiation.
6) Physiological rejuveneseenee consists in an increase in rate of metabolism resulting from reduction, dedifferentiation or any other changes in the structural substratum which permit a relatively permanent increase in rate.
7) Senescence and rcjuveneseence are periodic processes characteristic of the life cycle of all organisms. They differ from other periodic processes in organic life chiefly in the length of the period which usually coincides with the life cycle.
Zusammenfassung,
1) Die dureh die direkte sowie auch die indirekte Empfindliehkeitsmethode gemessenen Empfindliehkeitsunterschiede, welche sich zwischen jungen und alten Individuen yon Planaria dorotocephala erkennen lassen, weisen darauf hin, dal3 die.iungen Tiere eine hiihere Stoffweehsel-bzw. 0xydationsgesehwindigkeit, d. h. einen auf Gewichts-oder Volumeneinheit sowie auf die Zeiteinheit berechneten gr~eren Betrag des Stoffweehsels bzw. der 0xydationsvorg'2nge besitzen.
2) W~ihrend der Reduktion dureh Hunger nimmt die durch die direkte Empfindlichkeitsmethode gemessene Empfindlichkeit gegen KCN, Alkohol usw. sowie aueh die C0:-Produktion zu. Diese Zunahme der Empfindliehkeit deutet auf eine w~ihrend dot Hungerreduktion stattfindende Zunahme der Stoffweehselbzw. der Oxydationsgesehwindigkeit him 3) In gut geniihrten Individuen ~ndert sieh die Fiihigkeit der Akklimation in den h~iheren Verdiinnungen yon KCN, Alkohol usw., sowie auch bei den niederen Temperaturen mit der Stoffweehsel-bzw. der 0xydationsgesehwindig-keit. Dennoeh wird die bei den durch langdauerndes Hungern reduzierten Tieren vorkommende geringe F.~higkeit der Akklimation an deprimierende Bedingungen nieht durch eine gelin~e Stoffweehselgeschwindigkeit bedingt, son-29* dern dadurch, da~ eine Beziehung you Akklimationsfiihigkeit zum Erniihrungszustand besteht. 4) Die Reduktion durch Hungern ist wesentlich ein Rejuveneszenzvorgang. Das reduzierte Iudividuum besitzt die Stoffweehselgeschwindigkeit sowie auch die morphologische Struktur eines jungen Tieres. Der Grad der Rejuveneszenz ist ferner yon dem Grad der Reduktion abhiingig. Sobald das reduzierte Tier wieder Nahrung erhiiit, fitngt das Wachstum wieder an, uad es wird die Entwicklungsgeschichte yon dem zur Zeit der erneuten Nahrungsaufnahme bestehenden Stadium aus wiederholt. 5) Die physiologische Seneszenz besteht bei Planaria wesentlich aus einer Abnahme der Geschwindigkeit des Stoffwechsels bzw. gewisser fundamentaler Stoffwechselvorg~nge, welche durch die w~hrend der Entwicklung und desWaehsturns stattfindenden Auderungen des metabolischen Substrats bedingt wird. Abnahme der Permeabilit~it der Membranen, Zunabme der Dichtigkeit, proportionale Zunahme der verhiiltnismiil3ig inaktiven strukturellen Substanz, sowie vielleicht auch andere Faktoren, welche zusammengenommen sich als strukturelle Seneszenz erkennen lassen, miigen bei dem Herbeifiihren der physiologisehen Seneszcnz eine Rolle spielen.
6) Die physiologische Rejuveneszenz besteht aus einer Zunahme der Stoffwecbselgeschwindigkeit, welche dureh Reduktion, Dedifferenzierung oder irgendeine, eine verhiiltnismiiBig laugdauerude Gesehwindigkeitszuuahme herbeifiihrende Anderung des struktureUen Substrats bedingt wird.
